At least 12 virus-induced DNA-binding proteins with mol. wt. ranging from 14 × 103 to 119 × 10 a have been isolated from frog virus (FV 3)-infected fathead minnow cells by DNA affinity chromatography. Two enzymic activities, DNAdependent DNA polymerase and endodeoxyribonuclease, were present in the DNA-binding proteins; these enzymic activities were similar to those induced by FV 3 in infected cells. A single species of DNA-binding protein with a mol. wt. of 36 000 had very high affinity for single-stranded DNA, but a low one for double-stranded DNA. Proteins with such characteristic affinity for single-stranded DNA destabilize the DNA helix and are essential for viral DNA replication. Thus, the 36 000 mol. wt. DNA-binding protein is a candidate for such a role in FV 3 DNA replication.
INTRODUCTION
Proteins that function in association with DNA such as polymerases, nucleases, ligases and repressors have affinity for DNA. Several years ago, Alberts & Herrick (1971) introduced a convenient method to separate proteins that bind to DNA from total cell proteins. Since then, several investigators have found DNA-binding proteins in normal cells (Salas & Green, 1971; Fox & Pardee, 1971; Tsai & Green, 1973; Choe & Rose, 1974) and in cells transformed by SV40 (Tenen et aL, 1975) , and Rous sarcoma virus (Magun & Dorsett, 1977) . Virus-specific DNA-binding proteins are also present in cells lytically infected with adenovirus ( Van der Vliet & Levine, 1973) , herpesviruses (Bayliss et al., 1975; Purifoy & Powell, 1976) , and vaccinia virus (Soloski et aL, 1978) . In most cases, the function of these DNA-binding proteins has not been elucidated. However, some DNA-binding proteins, e.g. the product of gene 32 in bacteriophage T4 (Alberts, 1970) and a 72000 mol. wt. protein in adenovirus-infected cells (Van der Vliet et al., 1975) , are essential for viral DNA replication.
Frog virus 3 (FV 3) is a large, cytoplasmic, icosahedral DNA virus; the genome is a double-stranded linear DNA molecule with a mol. wt. of 100 x 106 (Kelly & Avery, 1974) . Genetic and biochemical evidence suggest that several viral proteins control transcription (Willis et al., 1977 Goorha et al., 1979) . These and the proteins involved in FV 3 DNA replication, e.g. DNA-dependent DNA polymerase (McAuslan & Kucera, 1968) and endodeoxyribonucleases (Kang & McAuslan, 1972) are also expected to possess DNAbinding characteristics. Additionally, one or more proteins may also be involved in the organization of the virion substructure around a core of DNA. Thus, DNA-binding proteins isolated from virus-infected cells might include proteins that function in transcription, DNA replication and packaging of DNA. In this regard, FV 3 offers an especially attractive system to study DNA-binding proteins because the inhibition of host protein synthesis (Goorha & Granoff, 1974; Willis et al., 1977; greatly facilitates the isolation and identification by isotopic labelling of the virus-induced DNA-binding proteins. Furthermore, Preparation of cytoplasmic extracts. After cell monolayers were washed twice with cold phosphate-buffered saline (PBS), they were scraped into hypotonic buffer (0.01 M-tris-HCl buffer pH 8, 0.05 M-NaCI, 0.0015 M-MgCI2) at 1 × 107 cells/ml, allowed to swell for 10 min at 4 °C, and then disrupted with a Dounce homogenizer; the nuclei were removed by centrifugation at 1000 g for 5 min at 4 °C. Initially, whole cell lysates were used to detect the DNA-binding proteins. However, the pattern of DNA-binding proteins on gel eiectrophoresis was similar whether whole cell lysate or the cytoplasmic fractions were used as starting material (data not shown). Therefore, to reduce the background contributed by the cellular DNA-binding proteins present in the nucleus, only the cytoplasmic fraction of FV 3-infected cells was used. Removal of the nuclear fraction was essential for the detection of certain virus-induced enzymic activities such as DNA polymerase and endodeoxyribonucleases.
DNA from the cytoplasmic extract was removed by the addition of pancreatic DNase (Alberts & Herrick, 1971) . In this procedure, the loss of labelled protein was not more than 20% and there was no loss of any particular virus-specific protein. After dialysis of the cytoplasmic fraction against buffer I (0.02 M-tris pH 7.4, 0.01 M-MgCI2, 0.002 M-CaCI 2, 0.001 M-EDTA, 0.6 M-NaC1, 10% glycerol), it was incubated with pancreatic DNase (100 gg/ml) for 1 h at room temperature and the precipitate was removed by centrifugation at 27000 g for 1 h. The supernatant was dialysed exhaustively against buffer II (0.02 M-tris-HC1 pH 7.4, 0.05 M-NaC1, 0.001 M-EDTA, 0.001 M-fl-mercaptoethanol) with at least three changes of buffer, and a light precipitate was removed by centrifugation at 27 000 g for 10 min. Glycerol and bovine serum albumin (BSA) were added to the supernatant at the final concentrations of 10% (w/w) and 500 gg/ml respectively.
DNA-Sepharose chromatography. Native or heat-denatured salmon sperm DNA was covalently linked to cyanogen bromide (CNBr)-activated Sepharose 4B as described by Arndt-Jovin et al. (1975) using 15 mg DNA per g Sepharose 4B. Activated Sepharose 4B in a concentration of 10 to 15 pg/ml was reacted in a 10 mM-potassium phosphate buffer pH 8 by shaking the reaction slurry at room temperature overnight. The DNA-Sepharose product was washed on a fritted glass funnel with the following solutions until no further absorbance at 260 nm was released: 10 mM-K2PO 4 pH 8, 2 M-KCI, water, 0.1 M-NaOH (except when double-stranded DNA was being used), and water.
Columns (1.5 x 30 cm) were poured and extensively washed with buffer II (column buffer) before sample loading. Columns were run at room temperature (23 °C). Seven to 10 ml of sample was applied to the column at a flow rate of 12 ml/h, and the column was then flushed with 40 ml of column buffer to completely remove all unbound proteins from the column. The DNA-Sepharose column was then eluted in stepwise fashion with 30 ml of column buffer containing 0.15 M-, 0.3 M-, 0.6 M-and 2 M-NaC1. In some experiments, 2 ml fractions were collected. Aliquots (100 #1) from each fraction were taken and precipitated with 10% trichloroacetic acid (TCA). The precipitates were collected on Whatman GF/C filters, washed three times with 5 % TCA, dried and counted in a liquid scintillation spectrophotometer in toluene-based scintillation fluid. In most experiments, fractions were not collected, but each eluate (30 ml of column buffer containing appropriate salt concentration) was lyophilized and resuspended (1 to 2 ml) in gel electrophoresis sample buffer (0.01 M-phosphate pH 7.2, 0.1% SDS) and dialysed extensively against the same buffer. These samples were subsequently used for analysis of proteins by polyacrylamide gel electrophoresis.
Polyacrylamide gel electrophoresis (PAGE).
The procedure for electrophoretic separation of proteins, as well as for autoradiography of dried gels, has been described previously (Willis et aL, 1977) . Samples were layered on wells of a 10 cm 5 to 15% acrylamide, 0.1% SDS gradient slab gel with a 3 % stacking gel. The samples were subjected to electrophoresis in 0.05 M-tris-glycine buffer pH 8.3 for 6 h at 60 V and fixed in a solution of 10% TCA-I% glycerol for 1 h. After they were dried, the gels were exposed to X-ray film (Kodak RP) for 5 to 7 days at room temperature.
Reagents.
[3~S]methionine (sp. act. 600 Ci/mmol) and [3H]thymidine (sp. act. 52 Ci/mmol) were from New England Nuclear, activated Sepharose 4B was purchased from Pharmacia and salmon sperm DNA was obtained from Sigma. The DNA was extracted twice with phenol before coupling to activated Sepharose 4B.
RESULTS

FV 3-infected cells contain proteins binding to native DNA
Cytoplasmic extracts prepared from cells first exposed to AFV 3 and then infected with active FV 3 (labelled 4 to 6 h post-infection) were applied to a native DNA-Sepharose 4B column and washed with a low salt buffer (0.05 M-NaC1). About 20% of the input radioactivity was retained in the column (Table 1) ; this radioactivity remained bound to the DNA-Sepharose even when 20 bed vol. of low salt buffer were passed through the column. Increasing the molarity of NaC1 in the elution buffer in a stepwise fashion (0.15 M, 0.3 M, 0.6 M and 2 M) resulted in the removal of about 7 % of the input radioactivity from the column (Table 1) . About 50% of the total eluted radioactivity was released by buffer containing 0-3 M-NaC1 (Table 1 , Fig. 1 ).
Cytoplasmic extracts prepared from control cells (exposed to AFV 3 alone) contained only 8 % of the radioactivity of the cytoplasmic extract prepared from cells first exposed to AFV 3 and then infected with active FV 3, demonstrating severe inhibition of host protein synthesis (Table 1 ). When such an extract was applied to a native DNA-Sepharose column, only about 7 % of the input radioactivity was retained after a low salt buffer wash. Furthermore, less than 0.5 % of the input radioactivity could be removed from the column by increasing the molarity of NaC1 in elution buffer (Table 1 , Fig. 1 ). Thus, vastly increased amounts of radioactivity were released by high salt buffers from the column loaded with the active FV 3-infected cytoplasmic extract as compared with the cytoplasmic extract prepared from the control cells exposed to AFV 3 alone (Table 1, Fig. 1 ). These data gave the first evidence that FV 3 induced the synthesis of proteins that have affinity for native DNA.
Twelve DNA-binding proteins are resolved by PAGE
The DNA-binding proteins eluted from the native DNA-Sepharose column were analysed by PAGE. Fig. 2 shows the 12 proteins having affinity for native DNA that were resolved by * Cytoplasmic extracts from ceils infected with active FV 3 or exposed to AFV 3 only were prepared as described in Methods. In this experiment, infected cells were labelled with [3sS]methionine from 4 to 6 h postinfection. Ten ml of cytoplasmic extract was applied to each column and the column was developed as described in Fig. 2 and Methods. Yields were calculated by taking I00 pl amounts from each eluate (1 ml amounts were taken from the column receiving cytoplasmic extract from cells exposed to AFV 3 only) and determining the acidprecipitable radioactivity.
t The total amount of radioactivity eluted by buffers containing 0.15 M-, 0.3 M-, 0'6 M-and 2 M-NaCI.
PAGE (Fig. 2c, d , e). Data also show three more bands between ICP 68 and ICP 36. However, these proteins were not included in the current list because they were not detected in most other experiments (data not shown). The mol. wt. of 12 DNA-binding proteins ranged from 14 x 103 to 119 x 103. These DNA-binding proteins represent a subset of the virus-specific proteins synthesized in FV 3-infected cells (Fig. 2 b) . Therefore, these proteins are designated with previously assigned infected cell protein (ICP) numbers (Willis et al., 1977) . It should be emphasized that the assignments are based solely on co-electrophoretic mobility of the DNA-binding proteins with the known infected cell proteins (Fig. 2b) . Two of (Fig. 2 d) contained all the detectable DNA-binding proteins. The 0.15 M, 0.6 M, and 2 M eluates all contained some of the same proteins removed by 0.3 M salt buffer but did not reveal any new species of DNA-binding proteins. However, when fractions eluting at 0.3 M-NaC1 concentration were rechromatographed, the protein preferentially eluted at the original salt concentration (data not shown). Thus, it appeared that there was a variation in strength of binding within the population of virus-induced DNA-binding proteins, as also evidenced by the relative amounts of proteins eluted at different salt concentrations (Fig. 2 c, 
d,e).
Determination of the percentage recovery of labelled proteins from the native D N ASepharose column indicated that a sizable amount of radioactivity (8 to 15 %) was not eluted even by 2 M salt. These tightly bound proteins were recovered by treating the D N ASepharose matrix with 0.1 M-NaOH or boiling it in 1% SDS solution. The proteins released under these conditions were examined by P A G E (data not shown). The results indicated that four proteins, having tool. wt. similar to polypeptides released by 0.3 M-and 0.6 M-NaC1 (ICP 75, 68, 35 and 27) were recovered by 0.1 M-NaOH treatment. The reason these proteins were so tightly bound is not clear at present. However, proteins with similar DNA-binding characteristics have been described in vaccinia-infected cells (Soloski et aL, 1978) and for non-histone chromosomal proteins (Thomas & Patel, 1976) . Eluates were also obtained from the native D N A -S e p h a r o s e column loaded with the cytoplasmic extract of cells exposed to AFV 3 alone (Table 1, Fig. 1 ). These eluates were concentrated by lyophilization and subjected to PAGE. However, the amount of radioactivity in each eluate was very small and no protein bands could be detected, even when the film was exposed for 2 weeks (data not shown). Thus, the 12 DNA-binding proteins detected in cells first treated with AFV 3 and then infected with active FV 3 were considered virus-specific. Cytoplasmic extracts were applied to a denatured DNA-Sepharose 4B column. About 16 °/6 of the input radioactivity was retained on the column after the wash with low salt buffer. Successive elution with high salt buffers released approx. 11% of the input radioactivity (data not shown). The eluates were concentrated by lyophilization and analysed by PAGE (Fig. 3) . The data show that the 12 infected cell proteins that possessed affinity for denatured DNA were the same ones that recognized native DNA. However, only one DNA-binding protein (ICP 36) exhibited higher affinity for denatured DNA as compared with native DNA (results not shown). In one experiment, equal amounts of cytoplasmic fractions (labelled 4 to 6 h post-infection) were applied to denatured or native DNA columns. The ICP 36 band obtained from a 0.3 M-NaC1 eluate was cut out and the radioactivity was determined. About 10-fold more ICP 36 was recovered from denatured DNA column as compared to that from native DNA column (results not shown). These results suggest that ICP 36 possesses high affinity for single-stranded DNA. a. GOORHA FV 3 DNA-binding proteins have enzymic activities One of the objectives for analysis of DNA-binding proteins in FV 3-infected cells was to identify the virus proteins involved in virus DNA replication, recombination and repair. Purified preparations of FV 3 exhibit endodeoxyribonuclease activity against single-stranded and double-stranded DNA (Palese & McAuslan, 1972) . FV 3-infected cells also show the induction of Mg2+-activated DNA polymerase activity, and this enzyme is also probably virus-specific (McAuslan & Kucera, 1968) . It is likely that these enzymes are involved in either virus DNA replication, recombination or repair. Therefore, DNA-binding proteins were examined for endodeoxyribonuclease and DNA polymerase activities. Cytoplasmic extracts from the infected ceils (6 h post-infection) were prepared and assayed for these enzyme activities. EnzymicaUy active extracts were applied to native DNA-Sepharose columns; KC1 was used as an eluant as NaC1 inhibits DNA polymerase activity. Fig. 4 shows that Mg2+-activated DNA polymerase activity is present in the DNA-binding proteins from FV 3-infected cells. Most of the enzyme activity was released by buffer containing 0.3 M-KC1. However, about 30% of the polymerase activity was also found in the 0.6 M-KCI wash, indicating a relatively strong affinity between enzyme and DNA. Fig. 5 illustrates the presence of endodeoxyribonuclease activity in DNA-binding proteins from infected cells. DNase activity had pH optima of 5 and 7.5 (data not shown) similar to that found in purified virions (Kang & McAuslan, 1972) ; most of the endodeoxyribonuclease activity was released by 0.3 M salt wash. The presence of these two enzymic activities in the DNA-binding fraction indicates that the enzymes that use DNA as a template or substrate can be purified by this procedure.
DISCUSSION
Analysis of FV 3-infected cell polypeptides by DNA affinity chromatography and polyacrylamide gel electrophoresis showed that at least 12 of these proteins have affinity for DNA. DNA-binding proteins detected by this technique were considered virus-specific because in control cells (receiving AFV 3 alone), no DNA-binding proteins were observed. This is in accord with the previous results that in cells first exposed to AFV 3 and then infected with active FV 3 virtually all the newly synthesized proteins are virus-specific (Goorha & Granoff, 1974; Willis et al., 1977) .
Although 12 virus-specific proteins have been identified as DNA-binding proteins, it is possible that not all of the proteins actually bind to DNA. This is because a protein classified as a DNA-binding protein on the basis of its ability to absorb to a DNA-Sepharose column need not interact with DNA directly. For example, a protein may bind to another protein that is bound specifically to DNA. Such behaviour is expected form multimeric proteins with non-identical subunits in which only one subunit has affinity for DNA, e.g. DNA polymerases. This kind of indirect interaction of proteins with DNA has indeed been observed in phage T4 systems where two phage-specified proteins bind to DNA cellulose only if T4 DNA polymerase is also present (Huang & Buchanan, 1974) . Conversely, some DNAbinding proteins may require specific ions or cofactors for their binding to DNA and thus may have escaped detection in the present series of experiments.
In FV 3-infected cells, one DNA-binding protein (ICP 36) bound to single-stranded DNA with about 10-fold higher affinity than to double-stranded DNA. Virus-specific proteins that possess high affinity for single-stranded DNA have been found in cells infected with phage T4 (Alberts & Frey, 1970) , adenovirus (Van der Vliet & Levine, 1973) , herpes simplex virus types 1 and 2 (Bayliss et aL, 1975; Purifoy & Powell, 1976) , and vaccinia virus (Soloski et al., 1978) . The best studied example of this group of proteins is gene 32 protein of phage T4. This protein is essential for phage DNA replication and recombination because of its unwinding activity and its interaction with T4 DNA polymerase (Huberman et al., 1971) . As the FV 3-specific protein with the highest affinity for denatured DNA, ICP 36 is a candidate for a gene 32 protein type role in FV 3 DNA replication. However, extensive work on the characterization and mechanism of action of ICP 36 has to be done to confirm this speculation.
Two DNA-binding proteins (ICP 35 and 27) are the most abundant proteins, accounting for approx. 50 % of the radioactivity of all the DNA-binding proteins in the cytoplasmic fractions. In whole cell extract, abundance of ICP 35 was found even more (data not shown). Recently, have reported that a basic protein (mol. wt. 34000) accumulates in the nucleus of the FV 3-infected cells. It is quite possible that ICP 35 is the same protein and thus it was underestimated in the cytoplasmic fraction. The presence of ICP 35 and 27 in large amounts suggests that they are required in stoichiometric amounts for some function(s) during virus replication. It is also noteworthy that ICP 35 and 27 are apparently concentrated during the DNA affinity chromatography procedure since they are present in very small amounts in infected cells.
DNA-binding protein fractions from infected cells contained at least two enzymic activities, namely endodeoxyribonuclease and DNA polymerase activities. The endonuclease activity had pH optima at 5 and 7.5. There is some evidence to suggest that these two activities belong to two separate enzymes having different pH optima (Kang & McAuslan, 1972) . The data presented in this report do not specifically demonstrate that these enzyme activities represent viral enzymes. However, there is a five-to sixfold increase in endonuclease and DNA polymerase activities in the cytoplasmic fraction of FV 3-infected cells under conditions where cellular protein synthesis is inhibited by more than 90 %. Therefore, it is likely that both of these enzyme activities are specified by FV 3.
